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The enantiopure coordination polymer [Dy(hfac)s((S/R)-L)]n ([(S/R)-1]n) involving a BINOL-derived bisphosphate ligand (S/R)-L is reported. Paramagnetic

NMR and computational investigations demonstrated the formation of mononuclear species [(S/R)-1] in CHzCl: solution and its optimized structure was

determined. The experimental electronic circular dichroism signals of (§/R)-L were strongly enhanced after metal coordination [(S/R)-1]. Both polymeric

and mononuclear structures displayed field-induced Single-Molecule Magnet (SMM) behaviour with similar multi-relaxation processes due to the retention

of crystal-field splitting determined by CASSCF calculations and this despite the strong structural transformation between the two media. The

HOMO—LUMO transition of the (S)-L ligand induced the classical Dy(lll) emission at 77 K that was correlated with the magnetic properties. [(S)-1]n is

described as one-dimensional assembly of chiral luminescent Single-lon Magnet (SIM).

Introduction

Since few decades, scientific communities have been
investigating molecular materials because of their multiple
physical properties especially when more than one is displayed
in a unique system. Such system is called multifunctional or
multiple-properties molecular material.1¥ One of the most
studied properties in molecular materials is probably chirality.®-
12 |n fact chiral molecular materials display specific physical and
chemical properties such as multiferroic effect, asymmetric
catalysis...opening up the field of applications.13-16 Moreover
the combination of two properties such as chirality and
magnetism, for example in chiral molecular magnets, can lead
to the observation of a third property i.e. magneto-chiral
anisotropy.17-27

Since the discovery in 2003 of the Single-Molecule Magnet
(SMM) behaviour for a mononuclear complex of Tb(lll),28 the
molecular magnetism field is dominated by the investigation of
lanthanide-based SMMs.2%37  SMMs are nanomagnets
presenting blocking reversal magnetization up to 80 K38 with
great interest for potential applications in high density data
storage.3?40 At low temperature, SMMs are able to display

quantum properties opening the doors to several other

applications in molecular
computing?t-50 and magneto-optics.5!
In addition, one of the advantages in using lanthanide ions is
their specific luminescence which can be seen as a fingerprint
of the ground level crystal-field splitting and thus can be
correlated with magnetic properties.52¢5 Combining the two
ingredients, luminescent lanthanides and chirality, multi-
properties SMMs were recently reported such as luminescent
chiral SMMs,% ferroelectric SMMs, 67771 or magneto-chiral
SMMs72 but examples remain scarce. In these examples, the
chirality mainly arises from the ligands which play crucial roles
in the sensitization of the emission properties and for the
optical activity. In order to optimize the latter properties, one
strategy consists in using chiral ligand with an high optical
activity and extended m-conjugated systems such as [n]-
helicenes’? and binaphthyl derivatives.”* The formers were used
by some of us to produce chiral SMMs75-77 and singlet oxygen
photosensitizers’® while binaphthyl derivatives are well-known
for enantioselective Diels-Alder reactions’-84 and were recently
described for Circularly Polarized Luminescence (CPL).85-87

In this article, enantiopure forms of the BINOL-derived
bisphosphate (S/R)-L (Scheme 1) were used to link Dy(hfac);
units (hfac = 1,1,1,5,5,5-hexafluoroacetylacetonate) to form
the solid-state enantiopure coordination polymers of formula
[Dy(hfac)s((S/R)-L)]n, called here ([(S/R)-1],), whereas a
monomeric form [(S/R)-1] was formed in solution. Deep
magnetic and optical investigations were carried out showing
1D assembly of luminescent field-induced-SMM and Single-lon
Magnet (SIM) respectively in solid-state and
Coordination of the lanthanide strong
enhancement of the electronic circular dichroism contributions
at low energy in solution.
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Chart 1. Molecular structure of the ligand (S)-L.
Experimental
The precursors M(hfac);-2H,O  (hfacc = 1,1,1,5,5,5-

hexafluoroacetylacetonate anion)8® and (S/R)-L ligand® were
synthesized following previously reported methods. All the
other reagents were purchased from Merck Co., Inc. and used
without further purification.

Synthesis of the complex [M(hfac)s((S/R)-L)]. (M = Dy
[(S/R)-1],, Eu [(S/R)-2],, Y [(S/R)-3].). 0.04 mmol of
M(hfac)s;-2H,0 (32.8 mg for M = Dy, 29.8 mg for M =Y and 32.4
mg for M = Eu) were added into a solution of 30.0 mg of (S)-L or
(R)-L (0.04 mmol) in 2 mL of CH,Cl,. After 15 minutes of stirring,
80 mL hexane were layered. After several days, the solution was
slowly evaporated leading to a colorless and microcrystalline
solid. Yield 56.4 mg (92 %) for [(S)-1],, 42.3 mg (69 %) for [(S)-
2], 43.9 mg (72 %) for [(S)-3].. Anal. Calcd (%) for
CsoH3sDyF18014P2: C 46.15, H 2.28; found: C 46.09, H 2.39.;
CsoH3sEuF13014P2: C 46.46, H 2.30; found: C 46.09, H 2.40.
CsoH3sYF18014P2: C 48.47, H 2.40; found: C 49.01, H 2.44. |.R.
(KBr, range 3200 — 400 cm): 3136 (w), 3080 (w), 3068 (w), 2964
(w), 1656 (s), 1627 (w), 1591 (m), 1558 (m), 1526 (m), 1501 (s),
1489 (s), 1456 (w), 1432 (w), 1363 (w), 1348 (w), 1254 (s), 1191
(s), 1143 (s), 1102 (m), 1079 (m), 1029 (s), 1015 (s), 1005 (m),
994 (m), 961 (m), 951 (m), 902 (w), 875 (w), 869 (w), 850 (w),
821 (m), 807 (m), 796 (m), 779 (m), 763 (m), 753 (m), 740 (w),
704 (w), 686 (m), 662 (m), 615 (w), 585 (m), 558 (W), 554 (w),
526(w), 517 (w), 502(w), 495 (w), 482 (w), 464 (w) and 457 (w)
cml. For [(R)-2],, slow evaporation from CH,Cl,/hexane led to
single crystals which were suitable for X-ray studies.

Materials and methods

Single crystal X-ray structure analysis. Single crystal of [(R)-2].
was mounted on a APEXIl D8 VENTURE Bruker-AXS
diffractometer for data collection (MoK radiation source, A =
0.71073 A), from the Centre de Diffractométrie (CDIFX),
Université de Rennes 1, France. Structure was solved with a
direct method using the SHELXT program? and refined with a

full matrix least-squares method on F2 using the SHELXL-14/7
program?l. Crystallographic data are summarized in Table S1.
Complete crystal structure results as a CIF file (CCDC 1980770)
including bond lengths, angles, and atomic coordinates are
deposited as Supporting Information.

Physical Measurements. The elementary analyses of the
compounds were performed at the Centre Régional de Mesures
Physiques de I’"Ouest, Rennes. Absorption spectra were
recorded on a JASCO V-650 spectrophotometer in diluted
solution, using spectrophotometric grade solvents. Electronic
circular dichroism (ECD) was measured on a Jasco J-815 Circular
Dichroism Spectrometer (IFR140 facility — Biosit- Université de
Rennes 1). Emission spectra were measured using Horiba-
Jobin—Yvon  Fluorolog-3 fluorimeter. The steady-state
luminescence was excited by unpolarized light from a 450 W
xenon continuous wave (CW) lamp and detected at an angle of
90° by using a Hamamatsu R928. For low temperature
measurements, samples were placed in 4 mm quartz tubes and
set into a quartz fill with liquid nitrogen. The magnetic
susceptibility measurements were performed on solid
polycrystalline samples immobilized in Teflon pellets to prevent
any orientation of the crystallites with the magnetic field. The
dc magnetic susceptibility measurements were performed with
a Quantum Design MPMS-XL SQUID magnetometer between 2
and 300 K in applied magnetic field of 0.02 T for temperatures
of 2-20 K, 0.2 T for temperature of 20-80 K and 1T for
temperatures of 80-300 K. The ac magnetic susceptibility
measurements were performed on a Quantum Design MPMS-
XL SQUID for frequencies between 1 and 1000 Hz and a
Quantum Design PPMS magnetometers for frequencies
between 50 and 10000 Hz. These measurements were all
corrected for the diamagnetic contribution as calculated with
Pascal’s constants.

NMR experiments. 'H NMR spectra were acquired on a 400
MHz Bruker Avance Il HD spectrometer equipped with a
Nitrogen-cooled Prodigy cryoprobe. The ligands and the
complexes were solubilized in CDCls. 3mm diameter NMR tubes
were used to avoid convection issues (Figs. S4 and S5). All the
chemical shifts are given in Table S5. Diffusion experiments
were performed with a diffusion time A of 50 ms. Sine shaped
pulse field gradients were used with a length & of 1.5 ms and
the gradient intensity was linearly incremented from 0.96 to
45.18 G.cm over 30 experiments (Fig. S6). The temperature
was regulated at 298K. Diffusion curves were fitted using the
Dynamics Centre software implemented in Topspin (Bruker). Ty
measurements were performed using the inversion recovery
sequence. 16 K to 128K points were acquired for a spectral
width of 14 to 200 ppm. The relaxation delay was set between
2 and 10 s. 8 or 10 experiments were recorded with a delay t
varying between 10 ms and 1 or 10 s depending on the
paramagnetism of the sample. 3P NMR data were acquired on
a 300MHz Bruker Advance Ill HD spectrometer equipped with a
broadband BBFO probe. A pulse sequence with power-gated
decoupling was used, with 128 scans, an acquisition time of 0.67
s and a relaxation delay of 2 s (Fig. S7).

Computational details. DFT geometry optimizations and TD-
DFT excitation energy calculations of the ligand (S)-L were



carried out with the Gaussian 09 (revision A.02) package®?
employing the PBEO hybrid functional.?4103 All atoms were
described with the SVP basis sets.?> The first 50 monoelectronic
excitations were calculated. In all steps, a modelling of bulk
solvent effects (solvent = dichloromethane) was included
through the Polarizable Continuum Model (PCM),% using a
linear-response non-equilibrium approach for the TD-DFT
step.97.98

The solution structures [(S/R)-1] were obtained using DFT
calculations with the Amsterdam Density Functional (ADF)
software package.100-102 These calculations employed the hybrid
functional PBEQ®4193 (Perdew-Burke-Ernzhof) containing 25 % of
exact exchange in combination with the triple-{ STO all-electron
basis set with two polarization functions for all atoms (TZ2P)104
and included scalar relativistic effects via the Zeroth-Order
Relativistic Approximation (ZORA).197 Solvent effects were
taken into account by using the Conductor-Like Screening
Model (COSMO)1%8 with the dielectric constant of 4.8 to model
chloroform. To avoid convergence issues, the paramagnetic
Dy(lll) ion was replaced by a diamagnetic Lu(lll) ion for these
structural optimizations.

The isotropic TH NMR chemical shifts were calculated with the
NMR110 module as implemented in ADF and are given with
respect to the tetramethylsilane (TMS). In the case of the
paramagnetic complex, the pseudo-contact shifts (d°¢) were
calculated using the point-dipole approximation as follows:111

PC 1 ) 3 -
§PC= T Ax,x(3cos?0-1) + EAth sin? 8 cos 2¢

in which ris the vector connecting the Dy(lll) ion and the probed
nucleus, Ay,, and Ay, represent the axial and rhombic
magnetic susceptibility anisotropy determined from the
wavefunction theory calculations (see below), and 6 and ¢ are
the polar angles defining the position of the probed nucleus
with respect to the frame of the magnetic susceptibility tensor.
The wavefunction theory (WFT) calculations for the solid-state
structures were realized on model complex of [(R)-2]. (Fig. 1).
The atomic positions were extracted from the X-ray crystal
structure of [(R)-2], and only one Dy(lll) ion was taken into
account (n = 1). The optimization of the hydrogen and fluorine
positions, while other atomic positions were kept frozen, have
been carried out on the Y(lll) parent molecule by Density
Functional Theory (DFT) as implemented in the Gaussian 09
(revision D.01) package®? using the PBEO hybrid functional.?4.103
The « Stuttgart/Dresden » basis sets and effective core
potentials were used to describe the yttrium atom®® while other
atoms were described with the SVP basis sets.?> The WFT
calculations were carried out with the help of the OpenMolcas
software package.!1? In these calculations, the complete active
space self-consistent field113 (CASSCF) approach was used to
treat the static correlation effects arising from the partially filled
4f shell of the Dy(lll) ion. The second-order Douglas-Kroll-
Hess114-117 gcalar relativistic (SR) Hamiltonian was used to treat
the scalar relativistic effects in combination with the all-electron
atomic natural orbital relativistically contracted (ANO-RCC)
basis set from the Molcas library.118-120 The basis sets were
contracted to the triple-C plus polarization (TZP) quality for the

Dy, P and O atoms bonded to the lanthanide (Dy
25s22p15d11f4g2h/8s7pad3f2glh; P =
17s12p5d4f2g/5s4p2d1f ; O = 14s9p5d3f2g/4s3p2dif), and to
the double-{ quality for the rest of the O atoms and H, Cand F
atoms (H = 8s4p3dif/2s ; C = 14s9p5d3f2g/3s2p, F =
14s9p5d3f2g/3s2p,). The calculations employed the state-
averaged formalism at the SR level by taking into account the 21
sextet, the 224 quartet and the 490 doublet spin states arising
from the 9 electrons spanning the seven 4f orbitals (i.e.
CAS(9,7)). The spin-orbit coupling (SOC) was then introduced
within a state interaction among the basis of calculated SR
states using the restricted active space state interaction (RASSI)
approach.12t Herein the SOC matrix is diagonalized using the
calculated 21 SR sextet, 224 SR quartet and the 98th lowest SR
doublet spin states. The EPR g-factors were calculated
according to Reference 122 as implemented in the RASSI
module of OpenMolcas, whereas the magnetic susceptibility
and magnetization calculations were performed using the
Single-Aniso module of OpenMolcas as detailed in Reference
123. The dipole-dipole interaction?? between two magnetic
centers 1 and 2, bearing the magnetic moment y; and pu,
respectively, is described as

1 - -
Hyp = — R_fz Ha fp — 3yt i) g Tia)

where R, corresponds to the distance between the magnetic
centers and 7, stands for the unit vector along the 12 direction.

Results and discussions
Structural description

[Eu(hfac)s((R)-L)]n [(R)-2].: It crystallizes in the chiral
orthorhombic space group C221 (N°20) (Table S1) and its
asymmetric unit is composed of one (R)-L ligand and one
Eu(hfac); moiety. The Eu(hfac)s moieties are linked by the (R)-L
ligands acting as a bridge through the two P=0 groups to form
a one-dimensional structure (Figs. 1 and S1). The Eu(lll) ion is
surrounded by eight oxygen atoms coming from three hfac
anions and two P=0 groups coming from two different (R)-L
ligands. The arrangement of the ligands around the central
Eu(lll) ion leads to a distorted square antiprism coordination
polyhedron (Dsq symmetry, SAPR-8 = 0.300). The deviations
from the ideal symmetries are determined by SHAPE'24 analysis
(Table S2). The Eu-Opsc bond lengths (2.395(9) A) are found
slightly longer than the Eu-Op-0 bond lengths (2.372(9) A). The
p=00-Eu-Op-o angle is equal to 145.4(3)°. At this point, it could
be important to precise that one of the two L ligands presents
two disordered positions with 74/26 occupancies. The average
angle value between the planes formed by the naphthyl groups
is 100.9(2)°. The crystal packing (Figure S2) highlights both n-CH
interactions and F---H contacts to ensure the cohesion of the
crystal but no m-rt stacking has been found. The shortest intra-
chain Eu-Eu distance is equal to 12.65(2) A while the shortest
inter-chain Eu-Eu distance is determined in the same range with
a value of 11.47(2) A.



Fig. 1 Molecular structure of the one-dimensional polymer [Eu(hfac)s;((R)-L)], [(R)-2].-
Hydrogen atoms are omitted for clarity.

[Dy(hfac)s((S)-L)]n [(S)-1]n. No single crystals of satisfying quality
for X-ray diffraction study could be obtained. Thus the phase
purity for the Dy(lll) analogue was checked by powder X-ray
diffraction at room temperature. This study confirmed that the
single crystal structure of [(R)-2]. corresponds to the bulk
material and its phase purity. Figure S3 displayed the excellent
agreement between the experimental and simulated (from
single crystal data) patterns allowing to conclude that [(S)-1]. is
pure and isomorphous to [(R)-2]n.

NMR Studies

The significant solubility of the [(S/R)-1]. derivative in classical
organic solvents, prompted us to undertake a complete NMR
study in order to definitively prove that the polymeric structure
observed in the solid state was destroyed and replaced by
smaller molecular weight oligomers or monomer as previously
suggested but not fully demonstrated.8 The 1H NMR spectrum
in CDCls solution (Fig. 2) reveals a single set of 13 well resolved
signals indicating that the solution structure retained a
symmetry of the BINOL derivative (equivalence of naphthyl
protons). The relaxation times (Table S3) are found to be rather
short, in the range 1-80 ms, depending on the proximity of the
proton to the strongly paramagnetic Dy(lll) central ion. We have
also evaluated the size of the molecular species in solution that
resulted from the dissolution of the [(S/R)-1]. derivatives,
through the measurement of their diffusion coefficient. NMR
experiments using pulsed gradient spin-echo (PGSE) are known
as accurate tools to address this question. These methods have
been recently successfully extended to paramagnetic species.12>
However, we recently demonstrated that paramagnetic
complexes inducing too fast relaxation processes (T; < 10 ms)
do not allow nuclear spin polarization to survive over typical
diffusion delays inherent to the PGSE method.126 To tackle this
drawback the dysprosium derivative was bracketed by
europium [(S)-2]nand yttrium [(S)-3].analogous featuring larger
and smaller ionic radius, respectively. Their NMR spectra (Fig.
S4 and S5) indicate a similar behavior in solution and the
relaxation times of the protons, in the range of 1-2 s for the
diamagnetic Y(lll) derivative and of 0.14-1.6 s for the weakly
paramagnetic Eu(lll) are now fully compatible with diffusion
experiments (Table S4). The diffusion coefficients of the free
ligand and the related Y(llI) and Eu(lll) complexes were
measured (see experimental section for details) (Table 1) and
allow us to estimate the size of the solution species thanks to
eq (1):127,128

hfac 7M1

100 9 80 70 60 50 40 30

ol

Fig. 2 (Bottom) Assigned 'H NMR (400 MHz) spectrum of [(S)-1] in CDCl; at room
temperature, with expansion of central region (top).

Table 1: Molecular weight (MW) and diffusion coefficients calculated according to
eq(1) (Dcaic) for the ligand (S)-L and for a monomer or a dimer, and measured by
NMR (Dobs) for the ligand (S)-L and for the Europium and Yttrium complexes [(S)-2]
and [(S)-3] in solution in CDCls,

[(S)-Ln],
(S)-L [(S-1)tn=Dy | [(S)-3])Ln=Y | [(S)-2]) Ln=Eu
n=1 n=2 | n=1|n=2 | n=1|n=2
MW 751 1534 3068 | 1461 | 2922 | 1524 | 3048
Deac (um2.s1) | 753 #113 | 544 +82 405 557 414 547 406
Dops (LM2.s71) 760+ 8 nd 6738 675+8
(1) D= JTERD o o[

Mw

3 3MW
6mn A 4"F’effNA

where MW; and MW represent the molecular weight of the
solvent and the solute, respectively, n the viscosity of the
solvent, kgT the thermal driving force at a temperature T. The
main hypothesis of this formula concerns the p.rr empirical
parameter representing the effective density of an organic
molecule, estimated to 619 kg.m=3.128 |n the case of the free
organic ligand (S)-L, a diffusion coefficient Dops = 760 um?2.s-1 was
found in line with what is expected for a unique species with a
molecular weight MW = 750 g.mol! leading to a calculated
diffusion coefficient Dcaic = 753 um2.s'1 according to eq(1) (Table
1). In the case of the complexes the experimental diffusion
coefficient was measured to Dops = 675 pum?2.s* for [(S)-2] (Figure
S6) and Dgbs = 673 um2.s1 for [(S)-3]. As expected these values
are lower than those of the free ligand because the molecular
mass of the complexes are higher. However, these experimental
diffusion coefficients are higher than a calculated one using
eq(1) and the hypothesis of a monomer formation (Table 1). A
fortiori, any larger oligomers (e.g. dimer in Table 1) will lead to
even lower calculated diffusion coefficients and consequently
the formation of a monomer in solution is the most probable
scenario. Differences between the experimental and calculated
diffusion coefficient values have already been described in the



literature and can be ascribed to the empirical effective density
parameter determined in the case of organic molecules.12> For
coordination complexes containing heavy atoms especially in
the cases of lanthanide ions, the p.rr parameter in eq(1) is
expected to be largely underestimated, hence vyielding
underestimated calculated diffusion coefficient as is the case
here. In conclusion, this NMR solution analysis suggests that the
polymeric structure observed in the solid state is no longer
conserved in solution and that a monomeric complex of formula
[M(hfac)s((S)-L)], noted [(S)-1,2,3], is formed, where (S)-L acts
as a bidentate ligand. The complete assignment of the [(S)-1] H
NMR spectrum was then undertaken (Fig. 2). As the 2D COSY
correlation and relaxation times (T1) measurements were not
sufficient for a full assignment, we decided first to study the
NMR spectra obtained by dissolution of the europium [(S)-2]
and yttrium [(S)-3] analogous in CDCls, having respectively a
lower and no paramagnetism. Complete attribution was easily
obtained for [(S)-2,3] thanks to 2D COSY and 3C HSQC (Table
S5). These data were used as a starting point to assign [(S)-1]
using a comparative method (eq.2) described by Di Bari and co-
workers to interpret the value of the experimentally measured
shifts 5777129

(2) 8P ([Dy]) = 88 + Kx 8PS ([Eul)

where 6{7”“ is the diamagnetic contribution determined by the
spectrum of [(S)-3] and 87 ([Eu]) represents the pseudo-
contact shift contribution determined in the case of [(S)-2]. The
assignment of [(S)-1] was checked by plotting the pseudo-
contact shift contribution of [(S)-1] versus that of [(S)-2] leading
to the expected linear relationship (Fig. S8). The complete
assignments of [(S)-1,2,3] are given in Table S5. Thus, in the H
NMR spectrum of [(S)-1] the resonance at & = 98.2 ppm can be
unambiguously assigned to the three hfac protons and the 12
remaining signals correspond to the ligand featuring an average
two-fold symmetry in solution (12 signals are observed for 24
protons).

Starting from the hypothesis that such polymeric structure
is transformed into a monomeric structure in solution,8 DFT
calculations were carried out in order to unravel the structure
of such a monomer (see Computational details). The result of
the optimized structure for the solution complex [(S)-1] is
depicted on the top of Figure 3. To confirm the closeness of the
calculated structure with respect to the experimental one,
proton chemical shifts (3%/c) of the yttrium analogue and
paramagnetic pseudo-contact shifts (6°%) in the Dy-based
complex were calculated and compared to the experimental
values (see Tables S6 and S7). The calculated 'H chemical shifts
are found in good agreement with the experimental data for the
diamagnetic Y(lll) complex and confirm the presence of a 2-fold
symmetry. In the paramagnetic Dy(lll) complex, numerical
agreement is not achieved with the experimental &7, which are
strongly overestimated by the calculations and particularly for
the phenyl groups of the ligand. However, the sign and relative
magnitude between the shifts are reproduced when using the
averaged values. For instance, the proton o of the hfac
ligands are calculated at +109 ppm, while experimental shifts

(a)

Fig. 3 (a) Optimized structure of [(S)-1], (n = 1) expected in CH,Cl, solution and (b) the
model used for quantum calculations in solid-state. Orientations of the principal
magnetic axis computed for [(S)-1] (top) and [(S)-1], (bottom) are represented.

are measured at +92 ppm. The large deviations arise from the
static picture of the calculation versus the dynamic picture of
the measurements in solution. Indeed, as visible in Figure S9,
the magnitude of the oS is strongly related to the magnetic
anisotropy of the complex and the orientation of the molecule
with respect to the magnetic axes. One can therefore conceive
that the solution complex [(S)-1] exhibits free rotation of the
phenyl groups, leading to averaged measured NMR values for
these atoms.

Static magnetic properties

The experimental temperature dependence of yuT for [(S)-1]»
is represented on Figure 4. At room temperature ymT is equal
to 13.91 cm?3 K mol-t which is in good agreement with 14.17 cm3
K mol-! expected for the ®His/; ground multiplet.13° On cooling



14,5 T T T T T T T T T T
14,0

13,5

13,0
12,5
12,0

YT/ cm’® K mol”

105 L 0 10 20 30 40 50
H/kOe

10,0 L L 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300

T/K

Fig. 4 Thermal dependence of yuT for [(S)-1], (solid-state measurements) (black circles).
Inset: field variation of the magnetization measured at 2 K for [(S)-1], (solid-state
measurements) (black squares) and [(S)-1] (CH,Cl, C = 3x102 mol L' solution
measurements) (blue squares). Black and blue lines correspond the ab initio
computational results obtained with the solid-state and solution model compounds,
respectively (see text for details).

down to 2 K, the thermal depopulation of the ligand field
sublevels leads to a monotonic decrease of ymT which reaches
11.75 cm?3 K mol? at 4.5 K before showing a slight increase at
the lowest temperatures. This increase below 4.5 K could be
assigned to ferromagnetic dipolar interaction between the
magnetic moment of the Dy(lll) ions as already observed for
other Dy(lll) systems.”> The field-dependence of magnetization
measured at 2 Kis depicted in inset of the Fig. 4. It shown classic
behaviour for a Dy(lll) ion in molecular systems. In fact, at 5T,
the value of the magnetization reaches 5.12 N which is far from
the expected saturated values of 10 N for one Dy(lll) in the
absence of magnetic anisotropy but matches well with the
stabilization of the M;=+15/2 Kramers doublet (5 NB). The inset
of Figure 4 depicted also the field-dependence of magnetization
measured at 2 K for [(S)-1] (frozen CH,Cl; solution) with similar
behaviour than [(S)-1]a.

Dynamic magnetic properties

The ac magnetic susceptibility for [(S)-1]n was measured using
the same immobilized crunched single crystals than for dc
measurements while such measurements for [(S)-1] were done
using a 0.03 M frozen CH,Cl; solution of [(S)-1].. The out-of-
phase component, xv’’, of the ac susceptibility passes through
a maximum at 7000 Hz at 2 K in zero external dc field for [(S)-
1], (Fig. S10). Such maximum is shifted to higher frequencies
with temperature and the relaxation time (t) has been
extracted with an extended Debye model (see SI, Fig. S11,
Tables S8). The thermal dependence of the magnetic relaxation
time in zero applied magnetic field was fitted taking into
account the quantum tunnelling of the magnetization (QTM),
and Raman processes (t1=tr1+CT").131 The best fits were
obtained considering the following parameters: C=34.6(5) s'1K™
and n=4.23(79), tn = 2.01(10)x105 s (Fig. S12). The normalized
Cole-Cole plot shows that the out-of-phase component of the
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Fig. 5 Frequency dependence X" at 2 Kiin 0-3000 Oe field range for [S-1], (top) and [(S)-
1] (frozen CH,Cl; solution C = 3x102 mol L, bottom).

magnetic susceptibility represents 75 % of [(S)-1]. at zero
magnetic field (Fig. S13). The application of a constant magnetic
field shifts the maximum of xvw’ to lower frequency.
Nevertheless, two contributions were observed as soon as the
applied magnetic field value reached 500 Oe (Fig. 5 and S14) and
the value of 1000 Oe was selected (value at which the two
relaxation contributions are both at the lowest frequency and
without saturation effects). At 1000 Oe, both in-phase, xv’, and
out-of-phase components of [(S)-1], show a frequency and
temperature dependence (Figs. 6 and S15). The temperature
dependence of the relaxation time of the magnetic
susceptibility was extracted fitting simultaneously ym" and ym”
with an extended Debye model (Fig. S16). For the 2-3.5 K
temperature range, the two contributions were taken into
account while for T > 4 K only one contribution was considered.
The relaxation time of the magnetization (t) for the low
frequency (LF) contributions can be fitted using the thermally
dependent Raman process (t”! = CT") and Direct process ("' =
ATH™ with m fixed to 4) while the high frequency (HF)
contribution could be fitted by a Direct process only. The best
fits were obtained considering the following parameters:
C=0.12(9) s?K™, n=6.10(48) and A = 8.87(36)x1012 Oe* K1 s1s
for the LF contribution; A = 9.44(10)x1010 Oe* Kt s'ifor the HF
contribution (Fig. 7). For H = 0 Oe the main magnetic relaxation
process is the QTM with significant Raman contribution for T >
5.5 K (Fig. S12) while for H = 1000 Oe the main magnetic
relaxation is the Raman with a Direct contribution for T < 2.5 K
(Fig. S17). The LF and HF contributions could be attributed to
Dy(lll) ions in different coordination environment!32133 or
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crystallographically independent Dy(lll) ions134 but also to the
presence of significant dipolar interaction3s. In the present case
the pure phase of [(S)-1]. involved only one Dy(lll) centre and
the frequency dependence of the magnetic susceptibility was
performed at a field high enough to cancel the dipolar
interaction. Thus the presence of both LF and HF contributions
might be attributed to i) the structural disorder of one of the
two coordinated ligands even if the second coordination sphere
is affected!36.137 and ii) an intramolecular mechanism of multiple
relaxation times at the single ion level because several
relaxation modes might exist in the systems as demonstrated by
L. F. Chibotaru and coll.138

To support the hypothesis of an intramolecular origin for the
observation of multi-contributions of the magnetic
susceptibility frequency dependence, a magnetic study in
frozen CH,Cl; solution was performed. Earlier in this paper, both
NMR studies and DFT calculations concluded the presence of
monomeric species in CH,Cl, solution and the dissolution of a
compound in an organic solvent is a well-known method to
perform magnetic dilution leading to the cancelling of
supramolecular3® and dipolar interactions!40.141, Scan field of
the ac magnetic susceptibility for the isolated mononuclear
specie [(S)-1] in solution shows somehow a similar behaviour
than [(S)-1], and thus a 1000 Oe value was selected (Fig. 5 and
S14) to study the ac magnetic properties of [(S)-1]. The

frequency dependence of yn” clearly shows two contributions
(Figs. 6 and S15). The temperature dependence of the
relaxation time was extracted using the same method than for
[(S)-1]. (Fig. S18). For the 2-3.5 K temperature range, the two
contributions were taken into account while for T > 4 K only one
contribution was considered. The relaxation time of the
magnetization (t) for the low frequency (LF) contributions can
be fitted using the thermally dependent Raman process (17! =
CT") and Direct process (t”! = ATH™ with m fixed to 4) while the
high frequency (HF) contribution could be fitted by a Direct
process only. The best fits were obtained considering the
following parameters: C=0.15(15) sK™", n=4.82(55) and A =
3.26(24)x1012 Oe* K! st s for the LF contribution; A =
1.35(11)x10° Oe* Kt sifor the HF contribution (Fig. 7). The
relaxation of the magnetization occurs through a Raman
process with a Direct contribution for T < 2.5 K (Fig. S19). The
observation of two different magnetic relaxations for [(S)-1]
could not be attributed to different chemical magnetic centres
or to significant intermolecular dipolar interactions!3s since only
one type of mononuclear complex was found by the NMR study
and the solution ac measurements prevent the strong
interaction between the complexes. The absence of significant
interaction between the molecules at C=3x102 mol L' was
verified repeating the magnetic measurements at C=3x10-3 mol
L1 without any change. At this stage, such magnetic behaviour
in frozen solution might be attributed to an intramolecular
origin even in single-ion metal complexes as proposed for [(S)-
1],.138

For the two compounds [(S)-1], and [(S)-1], the
magnetization relaxed through Raman/Direct processes for the
LF contribution and Direct process for the HF contribution. The
difference might be imputed to the reorganization of the ligand
around the metal centre and the matrix nature.

876 5 4 3 2
T/K

Fig. 7 Temperature dependences of the relaxation times (t) at 1000 Oe for [(S)-1], (in

black) and in the temperature range 2-6 K for the LF contribution (black dots) and 2-3.5
K for the HF contribution (black triangles) and for [(S)-1] in the temperature range 2-8 K
for the LF contribution (blue dots) and 2-3.5 K for the HF contribution (blue triangles).
Red and green lines are the best fitted curves with parameters given in the text.



Ab initio calculations

The experimental magnetic properties of both [(S)-1], and [(S)-
1] were rationalized with the help of WFT calculations. The
experimental thermal dependence ywmT product and field
dependence of the magnetization for [(S)-1], were well
reproduced by the calculations (see Fig. 4). Interestingly,
calculations performed on the model structure for the solution
complex [(S)-1] revealed similar ymT product and
magnetizations. As visible in Table S11, these similarities could
arise from the presence of an analogous ground state (GS) in
both cases, characterized by an almost pure M, = + 15/2 (98 %
and 97 % for [(S)-1]. and [(S)-1] respectively), and by the
combination of the energy splitting with the composition of the
excited sates (ES) (Table S9). The experimental energy barrier
values could be evaluated from the high temperature part of
the log(t) vs T curve (Fig. 7). The calculated gaps (30 cm™ for
[(5)-1]n and 103 cm? for [(S)-1]) are higher than the
experimental ones (16 cm! for [(S)-1], and 13 cm-! for [(S)-1]).
The discrepancy between computed and experimental values
could be due to efficient under energy barrier relaxation
processes such as Raman and Direct processes (Fig. S20). The
two dysprosium centers present an almost uniaxial magnetic
anisotropy (g, = 19.70 and 19.57 for [(S)-1]. and [(S)-1],
respectively). The main magnetic anisotropy axis appears
perpendicular to the P=0-Dy-O=P direction and along the hfac
anion for [(S)-1],, while it was found perpendicular to the plane
containing the two P=0 groups for [(S)-1] i.e. for both cases
along the most charged orientation of the oblate Dy(lll) ion
coordination sphere (Fig. 3). The structural disorder located on
studied by
considering the configuration with the lowest occupancy
coefficients, [(S)-1]n" (Fig. S21). In this configuration, the derived
phosphate ligand and the close CF; groups are tilted. However,

the bridging phosphate moieties was then

the small impact of the reorientation of the ligand upon the first
coordination sphere geometry lead to almost no difference
between [(S)-1], and [(S)-1]. in terms of ground state
properties and crystal field splitting of the 6H1s/2, multiplet of the
Dy(lll) ion (Fig. S22 and Table S11). Consequently the two
thermal dependences of the magnetic susceptibility are
superimposed (Fig. S23). Moreover an evaluation of the dipolar
interactions was done assuming an ising-type anisotropy (only
the g,; was considered). The results of such calculations have
shown that the main dipolar interactions are of ferromagnetic
nature along the a and c axis and of weaker antiferromagnetic
nature along the b axis (Fig. S24). The average dipolar
interactions are thus of ferromagnetic nature (zJ’ = 0.04 cm1) in
agreement with the increase of ymT(T) curve observed at low
temperature (Fig. 4). Therefore, the origin of the two relaxation
contributions observed in the solid-state cannot be attributed
to the disorder of the ligands and might be attributed to
intramolecular mechanisms. These computational results as
well as the ac measurements highlighted that the non-
significant trans versus cis position of the P=0 anchoring groups
might be due to the weaker participation of the oxygen atoms
of the P=0 than those of the hfac  anions to the crystal field and
to the nature of the ground state.#2 The difference of Ln-O

bond lengths and the charge on the first neighboring atoms
have antagonist effect on the magnetic properties.
Nevertheless, even if the Ln-Op-o distances are found shorter
than the Ln-Oxsac bond lengths, the negatively charged character
of the hfac gets the best of the difference of bond lengths.

Photo-physical properties

Absorption and Electronic Circular Dichroism (ECD). The UV-
visible absorption properties of (S)-L, (R)-L, [(S)-1] and [(R)-1]
were studied in a CH,Cl; solution (Fig. 8). Rationalization by TD-
DFT calculations was performed. The experimental absorption
spectra for both enantiopure free ligands are superimposed and
they can be decomposed in four contributions localized at
31000, 34500, 38200 and 43000 cm?l and respectively
calculated at 32804, 36001, 41387 and 45568 cm! (Table S12).
The lowest-energy excitation was attributed to the
HOMO—LUMO transition, the two intermediate excitations
were attributed to transitions involving mainly the HOMO and
HOMO-1 to the LUMO, LUMO+1, LUMO+2 and LUMO+4. Finally
the highest-energy excitation was attributed to n-n* transitions
of the binaphthyl moieties (HOMO-1—->LUMO+6/+7). The
experimental absorption spectra for complexes are similar to
those for free ligands except that an additional intense
excitation appeared at 33000 cm-! due to the m-* transitions

Wavenumber / cm’

40000 35000 30000
T T T T T T T

45000 25000

-~

40

30

20

£x10° /L mol" cm™

€
[&]
S
£
|
=
<
-60 ;
1 " 1 L 1
45000 40000 35000 30000 25000

Wavenumber / cm’™
Fig. 8 (Top) Experimental UV-visible absorption spectra of (S)-L (orange line), (R)-L
(dashed orange line), [(S)-1] (blue line) and [(R)-1] (dashed blue line) in CH,Cl, solution
(C =5%10% mol.L?). (Bottom) Experimental ECD spectra of enantiopure (S)-L (orange line)
and (R)-L (dashed orange line) (CH,Cl,, ca. 5x105 M) and respective Dy(lll) complexes
[(5)-1] (blue line) and [(R)-1] (dashed blue line) (CH,Cl,, ca. 5x105 M).



of the hfac- anions.?*3 CH,Cl, solution-state circular dichroism
measurements performed at room temperature for (S)-L and
(R)-L confirmed their enantiomeric nature (Fig. 8). Cotton effect
is very weak in the low-energy range while it is strong at high-
energy range and dichroic contributions of opposite signs were
observed at 38500 cm-! and 42700 cm-! for each enantiomer on
dichroism spectra (Fig. 8). Such
contributions come from the excitonic coupling between the nt-

the mirror-symmetrical

T* transitions of the naphthyl groups.144-146 The ECD spectra for
complexes highlighted a significant enhancement of the low-
energy contributions centered at 30200 cm! and 33600 cm
while those at higher energy did not change. These observations
might be due to the structural change induced by the
coordination of the Dy(hfac)s unit, especially to the modification
of the torsion angle of the binaphthyl group which mainly affect
the low energy transitions. Indeed it was previously
demonstrated that the optical activity of the binaphthyl-based
ligands depends of the angle between the two planes formed
by the naphthyl moieties.147-150 The structural changes after
coordination reaction are supported by the optical activity
values (c 1.0, CHCl3) for (S)-L ([a]2® = +1.2° cm? dmol-t) and (R)-
L ([]2® =-1.0° cm? dmol) which have been determined lower
than those for [(S)-1] and [(R)-1] ([a]3° = % 25.8° cm? dmol-1).

Luminescence. Emission properties were first checked in both
solution [(S)-2] and solid-state [(S)-2]. for the S enantiomer of
the Europium analogue at room temperature (Fig. S23). The
excitation of the samples at 28570 cm-! (350 nm) induced the
characteristic Eu(lll) ion-centered luminescence profile with five
5Do—’F; (J=0-4) and four (J=1-4) transitions respectively in
solution and solid. The single Gaussian shape of the 5Dy—7F,
transition in solution is an additional indication of the presence
of one specie in CH,Cl; solution. In the case of europium, the
splitting of each Do—7F, transition is correlated to the crystal
field and is, therefore, representative of the local symmetry.
The splitting of the 5Do—’F; transition in three is in agreement
with the D44 local symmetry of the europium coordination
sphere.’>! Emission properties for the S enantiomer of the
dysprosium complex were also studied in solution on [(S)-1] and
solid-state on [(S)-1]. at room temperature (Fig. S24) and low
temperature. The excitation of the samples at 28570 cm! (350
nm) induced the Dy(111)
luminescence assigned to the “Fy;; — ®H; emission (J ranging
from 9/2 to 15/2) (Fig. S26). The emission spectrum of [(S)-1]a
is more resolved than the one for [(S)-1] as commonly observed

characteristic ion-centered

for molecular complexes. Looking at the magnetic properties, a
zoom of the transition involving the ®H;s/; ground state is shown
ininset of the Figure S25. The total #Fg/; — ®H1s5/, emission range
for [(S)-1] and [(S)-1]. are very similar in agreement with the
calculated energy splitting of the multiplet ground state (see ab
initio calculations section). The difference could be attributed to
the reorganization of the S-L and hfac ligands in solution.152.153
It is now well-known that the highest-energy emission can be
described as a photography of the ground state energy splitting
which is at the origin of the magnetic properties of the single
ion.56.61,65 Thus the following discussion is focused on the solid-
state measurements in order to have the best resolved spectra

as possible. The top of the Figure 9 depicts the excitation (red
line) and emission spectrum at 77 K (green line) of [(S)-1].. A
simple Boltzmann population calculation starting from the
experimental excitation spectrum supported the fact that at 77
K some of the excited states of the 7Fg;; and ®His/; levels are
populated (Fig. S26) supporting the observation of “hot bands”
for both excitation and emission spectra (Fig. 9). The calculation
at the CASSCF level gave the energy splitting for the ®His;
ground multiplet (green sticks on Fig. 9) and the “Fq/; excited
multiplet (red sticks on Fig. 9). The experimental splitting the
5H15/2 ground multiplet appears strongly underestimated by the
calculations. The energy gap between the ground and first
excited states of the 6H;s/; crystal field splitting is 40 cm which
is in agreement with the energy barrier determined from the ab
initio calculations (30 cm) (Table S11). The value of 40 cm1 is
confirmed by the overlay with the excitation spectrum (“zero-
phonon” transition) and the energy difference with the
corresponding hot band (Fig. 9).
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Conclusions

Two pure enantiomers of dysprosium BINOL-derived
bisphosphate [Dy(hfac)s(S/R-L)1n ([(S/R)-1],) with polymeric
structures are reported. The combination of both NMR and
computational investigations concluded to the structural
reorganization from a polymeric to a mononuclear [(S)-1]
structure once [(S)-1], is in CH,Cl, solution. Both species
highlighted single-molecule magnet behavior under a 1000 Oe
applied field through two Raman and Direct thermally
dependent magnetic relaxation processes. The combination of
the persistence of the multi-relaxation mechanism for the
mononuclear species in solution and the computational results
are strong indications of its intramolecular origin. The drastic
structural modification between solid-state and solution
induced only small magnetic changes because the crystal field
kept the Ising character of the Dy(lll) centre in both structures
as confirmed by ab initio calculations. The EDC of [(S)-1]
highlighted an enhancement of the optical activity in the low
energy range after coordination of the Dy(hfac)s unit, due to the
sensibility of the corresponding excitations of the binaphthyl
torsion angle. Both [(S)-1]. and [(S)-1] displayed dysprosium-
centered emission under irradiation of the HOMO—LUMO
excitation of the BINOL derived bisphosphate organic
chromophore. The luminescence data at 77 K for [(S)-1], could
be correlated to the experimental and calculated magnetic
data. The present chiral luminescent single-molecule magnet
opens the way to a rational investigation of the nature of the
chiral ligand on the combined magnetic and optical properties
such as single-molecule magnet and circularly polarized
luminescence.
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